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Transmembrane Domain Determinants of CD4 Downregulation by

HIV-1 Vpu

Javier G. Magadan and Juan S. Bonifacino

Cell Biology and Metabolism Program, Eunice Kennedy Shriver National Institute of Child Health and Human Development, National Institutes of Health,

Bethesda, Maryland, USA

The transmembrane domains (TMDs) of integral membrane proteins do not merely function as membrane anchors but play
active roles in many important biological processes. The downregulation of the CD4 coreceptor by the Vpu protein of HIV-1isa
prime example of a process that is dependent on specific properties of TMDs. Here we report the identification of Trp22 in the
Vpu TMD and Gly415 in the CD4 TMD as critical determinants of Vpu-induced targeting of CD4 to endoplasmic reticulum
(ER)-associated degradation (ERAD). The two residues participate in different aspects of ERAD targeting. Vpu Trp22 is required
to prevent assembly of Vpu into an inactive, oligomeric form and to promote CD4 polyubiquitination and subsequent recruit-
ment of the VCP-UFD1L-NPL4 dislocase complex. In the presence of a Vpu Trp22 mutant, CD4 remains integrally associated
with the ER membrane, suggesting that dislocation from the ER into the cytosol is impaired. CD4 Gly415, on the other hand,
contributes to CD4-Vpu interactions. We also identify two residues, Val20 and Ser23, in the Vpu TMD that mediate retention of
Vpu and, by extension, CD4 in the ER. These findings highlight the exploitation of several TMD-mediated mechanisms by HIV-1
Vpu in order to downregulate CD4 and thus promote viral pathogenesis.

uman immunodeficiency virus type 1 (HIV-1) targets helper

T cells and macrophages/monocytes through interaction of
the viral envelope glycoprotein (Env) with a combination of the
CD4 and CCR5/CXCR4 cell surface receptors (59). Once inside
the cell, the genetic material of the virus directs rapid and sus-
tained downregulation of CD4 (26, 62), a phenomenon that pro-
motes viral spread by preventing superinfection, enabling the re-
lease of progeny virions, and interfering with the host immune
response (3, 6, 34, 53). The ability of HIV-1 to downregulate CD4
depends on two accessory proteins encoded in the viral genome,
Nef and Vpu (32, 38, 45, 61). Nef is a myristoylated protein that
attaches to the cytosolic leaflet of the plasma membrane, where it
functions to link the cytosolic tail of CD4 to the clathrin-
associated adaptor protein 2 (AP-2) complex (1, 12, 16,17, 19, 24,
39). These interactions lead to rapid internalization of cell surface
CD4 by a clathrin-dependent pathway (14, 16, 30, 60). Nef exerts
a second function in endosomes, namely, the targeting of inter-
nalized CD4 to the multivesicular body pathway for eventual deg-
radation in lysosomes (20).

Vpu is a type Il integral membrane protein that, in contrast to
Nef, acts on newly synthesized CD4, causing its retention in the
endoplasmic reticulum (ER) (42) and subsequent delivery to the
ER-associated degradation (ERAD) pathway (7, 42, 63, 79).
The mechanism of CD4 downregulation by Vpu involves a phys-
ical interaction of the cytosolic domains of both proteins (11, 47).
A phosphoserine (pS)-based motif, DpSGxxpS, in the cytosolic
domain of Vpu then acts as a binding site for the B-TrCP1/2 com-
ponent of the SCFB-T<P1/2 E3 ubiquitin (Ub)-ligase complex (15,
25, 48), which in turn mediates lysine- and serine/threonine-
dependent polyubiquitination of the CD4 cytosolic tail (42).
Polyubiquitination partly arrests CD4 in the ER while enabling
recruitment of the VCP-UFD1L-NPL4 dislocase complex, which
extracts CD4 from the ER membrane into the cytosol (7, 42).
Dislocated CD4 is subsequently delivered to the proteasome for
degradation (7, 42, 63).

Although most studies on Vpu-induced CD4 downregulation
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have focused on reactions involving the cytosolic domains of the
proteins, some studies have also implicated the corresponding
transmembrane domains (TMDs) in this process (13, 42, 57, 73).
Indeed, replacement of the vesicular stomatitis virus G glycopro-
tein (VSV-G) TMD for the CD4 TMD abolished Vpu-induced
degradation of the resulting chimeric protein (13). Moreover, we
recently showed that substitution of the VSV-G TMD for the Vpu
TMD abrogated both CD4 retention in the ER and ERAD target-
ing induced by Vpu (42). These findings indicate that the TMDs of
both CD4 and Vpu play important roles in the process of Vpu-
induced CD4 downregulation.

In this study, we have examined the specific features of the Vpu
and CD4 TMDs that are required for CD4 downregulation. We
report the presence of a cluster of amino acids on the Vpu TMD,
centered on Trp22, which is critical for Vpu-mediated CD4 deg-
radation. Mutation of Trp22 does not prevent interaction of Vpu
with CD4 but enhances Vpu oligomerization and also reduces
CD4 polyubiquitination and recruitment of the VCP-UFDIL-
NPL4 dislocase complex. In the presence of a Vpu Trp22 mutant,
CD4 remains integrated into the ER membrane, suggesting that
dislocation from the ER to the cytosol is impaired. We also define
an additional determinant comprising Gly415 in the CD4 TMD
that is required for both Vpu-CD4 interaction and induction of
CD4 degradation by Vpu. Finally, we identify Val20 and Ser23 in
the Vpu TMD as components of a separate determinant of Vpu
and CD4 retention in the ER. These findings highlight the crucial
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FIG 1 Trp22 within the Vpu TMD is a key determinant of Vpu-induced CD4 degradation. (A) ClustalW alignment of the TMD sequences of HIV-1 groups M,
N, and O and SIV-cpz MB66 Vpu variants, highlighting conservation of the residues (71). The TMD sequence shown on top corresponds to the NL4-3 strain used
in this study. Notice that NL4-3 Vpu Trp22 is highly conserved among all HIV-1 and some SIV-cpz strains. (B) HeLa cells were transfected with plasmids
encoding human CD4, with or without wild-type Vpu, Vpu-$52,56N, or Vpu mutants where all TMD non-Leu/Ile residues were replaced by Leu. At 12 h after
transfection, cell lysates were prepared and analyzed by SDS-PAGE and immunoblotting (IB) with antibodies to the CD4 ectodomain, actin (loading control),
and Vpu. For conciseness, a representative blot showing the effect of the Vpu-A14L, -A18L, -V21L, -W22L, and -V25L mutants on CD4 stability is shown. (C)
CD4 levels in the presence of Vpu constructs were quantified by densitometry and expressed as the percentage of the total amount of CD4 in the absence of Vpu
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requirement of specific TMD residues at several steps in the mech-
anisms of CD4 downregulation by Vpu.

MATERIALS AND METHODS

Recombinant DNA constructs. pFLAG-CMV2-human B-TrCP1 was a
gift from Y. Ben-Neriah (Hadassah Medical School, Hebrew University).
pcDNA3.1-FLAG-Ub was already described (42). Site-directed mutagen-
esis (QuikChange II kit; Stratagene, Cedar Creek, TX) was performed on
pcDNA3.1-codon-optimized HIV-1 NL4-3 Vpu (54) and pCMV-human
CD4 (11). A nucleotide sequence encoding a hemagglutinin (HA) epitope
was also added to the 3’ terminus of the codon-optimized Vpu cDNA by
site-directed mutagenesis. Alternatively, the codon-optimized Vpu cDNA
(without a stop codon) was amplified by PCR from the pcDNA3.1-codon-
optimized Vpu construct and cloned as an EcoRI/Xhol fragment into the
pcDNA3.1/myc-His A vector (Invitrogen, Carlsbad, CA). All mutagenesis
and cloning products were verified by DNA sequencing.

Antibodies. The following mouse monoclonal antibodies were used:
anti-human CD4, clone 4B12 (Leica Microsystems, Bannockburn, IL)
and clone OKT4 (eBiosciences, San Diego, CA); anti-actin (clone Ab-5)
and anti-VCP (clone 18) (BD Biosciences, San Jose, CA); anti-human
transferrin receptor (TfR), clone H68.4 (Zymed, San Francisco, CA); un-
conjugated/horseradish peroxidase (HRP)-conjugated anti-FLAG (clone
M2) and anti-myc (clone 9E10) (Sigma-Aldrich, Saint Louis, MO); anti-
HA, clone 16B12 (Covance, Berkeley, CA); and anti-RGS-His (Qiagen,
Valencia, CA). Rabbit polyclonal antibodies to the human CD4 (residues
420 to 447) and Vpu (residues 32 to 81) were previously described (44,
63). Goat polyclonal antibody to GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) and HRP-conjugated donkey anti-goat IgG were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). HRP-
conjugated donkey anti-mouse IgG and donkey anti-rabbit IgG were
from GE Healthcare Biosciences (Piscataway, NJ).

Cell culture and transfections. Media and reagents for cell culture
were purchased from Mediatech, Inc. (Manassas, VA). HeLa cells (Amer-
ican Type Culture Collection, Manassas, VA) were grown in Dulbecco’s
modified Eagle’s medium, supplemented with 10% heat-inactivated fetal
bovine serum, 100 U/ml penicillin, 100 pg/ml streptomycin and 2 mM
L-glutamine at 37°C in a humidified atmosphere of 5% carbon dioxide in
air. Cells were transiently transfected using Lipofectamine 2000 (Invitro-
gen). Plasmids encoding human CD4, codon-optimized Vpu, and
FLAG-Ub were transfected at a 1:1:0.5 ratio (42). Cells were analyzed at 8
to 16 h after transfection.

Pulse-chase analysis, immunoprecipitation, electrophoresis,
and immunoblotting. Cells were pulse-labeled with [3°S]methionine-
cysteine and chased in complete medium, and cell lysates were subjected
to immunoprecipitation as described previously (9). Immunoprecipi-
tated proteins were analyzed by SDS-PAGE (42) and visualized by fluo-
rography on a Typhoon 9200 Phosphorlmager (Amersham Biosciences).
Data analysis and quantification were performed using the ImageQuant
software (GE Healthcare). Immunoblotting studies were carried out as
reported previously (42) and analyzed using the Image ] software (http:
//rsbweb.nih.gov/ij).

In vivo ubiquitination. Cells expressing FLAG-tagged Ub were ex-
tracted in denaturing lysis buffer as described previously (42). Ubiquiti-
nated CD4 was immunoprecipitated using a conformation-independent
antibody to CD4 and analyzed by immunoblotting using an HRP-
conjugated antibody to the FLAG epitope (42).

Transmembrane Determinants of CD4 Downregulation

Fractionation of permeabilized cells. Cells grown on 10-cm plates
were detached with trypsin, washed twice with ice-cold phosphate-
buffered saline (PBS) supplemented with 0.9 mM CaCl,, and permeabil-
ized in ice-cold permeabilization buffer (PB) (25 mM HEPES [pH 7.3],
115 mM potassium acetate, 5 mM sodium acetate, 2.5 mM MgCl,, 0.5
mM EGTA) containing 10 mM «-iodoacetamide, 5 mM N-ethyl-
maleimide, 0.028% digitonin, and the complete Mini protease inhibitor
cocktail (Roche Diagnostics, Indianapolis, IN) for 5 min on ice. Cytosol
was extracted from permeabilized cells by centrifugation at 20,000 X g for
10 min at 4°C. The pellet was resuspended in ice-cold PB, and all fractions
were adjusted to 1% SDS and 10 mM dithiothreitol (DTT). Samples were
heated for 10 min at 100°C and processed for in vivo ubiquitination as
previously described (42).

Isolation of microsomes. Cells (5 X 10°) were scraped off the plates
and incubated with ice-cold 20 mM HEPES (pH 7.2), 10 mM
a-iodoacetamide, 5 mM N-ethylmaleimide, and the complete Mini pro-
tease inhibitor cocktail for 10 min before passage through a 1-ml syringe
fitted with a 21-gauge needle (~20 strokes). Cell lysates were supple-
mented with 5 mM MgCl, and 100 mM potassium acetate and then se-
quentially centrifuged at 600 X g for 2 min and 15,000 X g for 10 min at
4°C. The resulting supernatants were ultracentrifuged at 200,000 X g for 1
h at 4°C, and pelleted microsomes were resuspended in membrane buffer
(50 mM HEPES [pH 7.4], 150 mM potassium acetate, 10 mM magnesium
acetate, 250 mM sucrose, 10 mM a-iodoacetamide, 5 mM N-ethyl-
maleimide) supplemented (or not) with 100 mM Na,CO;, pH 11.3. The
samples were fractionated into soluble and microsomal membrane frac-
tions by ultracentrifugation at 200,000 X g for 10 min at 4°C. All fractions
were adjusted to 1% SDS and 10 mM dithiothreitol (DTT), heated for 10
min at 100°C, and processed for in vivo ubiquitination as described pre-
viously (42).

Cell surface biotinylation. Cells grown on 6-well plates were incu-
bated with 2 mM sulfo-NHS-LC biotin (Thermo Scientific, Rockford, IL)
in ice-cold PBS supplemented with 0.1 mM CaCl, and 1 mM MgCl, for 30
min at 4°C. After extensive washing, cells were treated with 50 mM Tris-
HCI (pH 7.5) for 10 min at 4°C and then extracted with ice-cold lysis
buffer (0.5% Triton X-100, 50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 5
mM EDTA) supplemented with the complete Mini protease inhibitor
cocktail. Equivalent amounts of cell lysates were incubated with a
NeutrAvidin-coupled resin (Thermo Scientific) for 2 h at 4°C. Pulled-
down biotinylated proteins or whole-cell lysates (10 ug of protein) were
subjected to SDS-PAGE and immunoblotting with antibodies to CD4,
Vpu, and TfR (loading control) as previously reported (42).

Endo H and PNGase F digestion. Cell lysates made under denaturing
conditions were processed for endoglycosidase H (endo H) and peptide:
N-glycosidase F (PNGase F) digestion as described previously (42).

RESULTS

Mutational analysis of the Vpu TMD identifies Trp22 as a criti-
cal determinant for induction of CD4 degradation. The amino
acid sequence of the Vpu TMD is highly conserved among strains
of the pandemic HIV-1 group M, which account for more than
90% of all HIV-1 infections (4, 33) (Fig. 1A). To determine the
requirement for specific amino acid residues within this TMD for
induction of CD4 downregulation, we mutated each residue other
than Leu/Ile to Leu in the context of codon-optimized Vpu from

(100% control). Values represent the means = standard errors of the means (SEM) from three independent experiments. (D) PyMOL images of the solid-state
NMR structure of the NL4-3 Vpu TMD (56) (RSCB protein database entry 1PJE). Val21, Trp22, and Val25 (red) form a patch on the same face of the Vpu TMD
a-helix. (E) HeLa cells expressing human CD4, with or without wild-type Vpu or Vpu-W22L, were labeled with [**S]methionine-cysteine for 2 min and then
chased for the indicated times at 37°C. Cells extracts were subjected to immunoprecipitation using antibodies to the CD4 or Vpu cytosolic tails. Immunopre-
cipitated proteins were analyzed by SDS-PAGE and fluorography. (F) Percentage of CD4 or Vpu at each chase time relative to CD4 at time zero (100% control).
(G) HeLa cells were transfected with plasmids encoding human CD4 and no Vpu (empty vector), wild-type Vpu, or an array of Vpu mutants where Trp22 was
replaced by all amino acids. Cell lysates were treated as for panel B. (H) CD4 levels in the presence of Vpu were quantified as for panel C.
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the HIV-1 group M strain NL4-3 (54) (Fig. 1A). These mutants,
along with wild-type Vpu and an inactive Vpu mutant (Vpu-
§52,56N) bearing substitutions of the Ser52 and Ser56 residues
that mediate interaction with B-TrCP1/2 (64) (positive and neg-
ative controls, respectively), were coexpressed with human CD4
by transient transfection of HeLa cells. The ability of the different
Vpu constructs to induce CD4 degradation was determined by
immunoblot analysis of total CD4 levels (42) (Fig. 1B). As ex-
pected, wild-type Vpu induced CD4 degradation whereas Vpu-
§$52,56N did not (Fig. 1B and C). Most mutations in the Vpu TMD
had no effect on Vpu-mediated CD4 degradation (Fig. 1B and C
and unpublished observations). However, mutation of Trp22 al-
most completely abolished CD4 degradation by Vpu, whereas
mutation of Val21 or Val25 had intermediate effects (Fig. 1B and
C). These three residues form a patch on the Vpu TMD a-helix
(56), at a location proximal to the membrane-cytosol interface
(Fig. 1D). Notably, the Trp residue is conserved in virtually all
HIV-1 Vpu variants, including those of HIV-1 groups M, N, and
0, as well as in some simian immunodeficiency virus (SIV) vari-
ants (77) (Fig. 1A). Val21 and Val25 are also highly conserved in
HIV-1 group M but are replaced by other hydrophobic residues in
most other variants (77) (Fig. 1A). A number of HIV-1 group M
subtype C variants have Ala in place of Val at position 25. Replace-
ment of Val25 by Ala had no effect on the ability of NL4-3 Vpu to
induce CD4 degradation (see Fig. SIA and B in the supplemental
material), indicating that this is a conservative substitution.

To confirm that the effect of the Vpu Trp22 mutation was on
the ability of Vpu to induce degradation of newly synthesized
CD4, we performed pulse-chase analysis (Fig. 1E). HeLa cells ex-
pressing human CD4, with or without wild-type Vpu or Vpu-
W22L, were labeled for 2 min with [3*S]methionine-cysteine and
chased for up to 90 min in complete medium. Cells were extracted
with Triton X-100, and CD4 was isolated by immunoprecipitation
(42). Using this methodology, we observed that Vpu caused rapid
degradation of CD4, with only ~25% remaining after 90 min of
chase (42) (Fig. 1E and F). In contrast, Vpu-W22L failed to pro-
mote CD4 degradation (Fig. 1E and F). This failure was not due to
destabilization of Vpu by the mutation, since both wild-type and
Vpu-W22L were equally stable over the time course of the exper-
iment (Fig. 1E and F). These findings thus demonstrated a crucial
requirement of Vpu Trp22 for CD4 targeting to degradation.

Trp has a bulky, aromatic side chain—the most hydrophobic
side chain among all amino acids, according to some scales (52,
66). However, the Trp side chain also has an indole nitrogen atom
that can act as a hydrogen bond donor (43). This dual character
endows Trp with a particular affinity for membrane-water inter-
faces (80, 84), where Trp22 in the Vpu TMD is likely located (Fig.
1A and D). To determine whether these unique features of Trp are
essential for Vpu-induced CD4 degradation, we mutated Vpu
Trp22 to each of the other amino acids and tested for the ability of
the resulting mutants to decrease total CD4 levels. We observed
that with the exception of Cys, none of the other amino acids
could substitute for Trp in this assay (Fig. 1G and H). These find-
ings demonstrated the critical requirement for Trp at this posi-
tion, likely explaining the strict conservation of this residue in all
Vpu variants (Fig. 1A).

Mutation of Vpu Trp22 does not prevent Vpu-CD4 interac-
tion but enhances Vpu oligomerization. The cytosolic domains
of Vpu and CD4 are known to interact with one another and to
harbor critical determinants of Vpu-induced CD4 downregula-
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tion (11, 36,47, 78). The Vpuand CD4 TMDs are also essential for
Vpu-induced CD4 degradation as well as ER retention of CD4 (13,
42,57, 73), but their roles in mediating protein interactions have
not been addressed. To investigate whether Trp22 and other res-
idues located on the same face of the Vpu TMD are involved in
interaction with CD4, HeLa cells were transfected with plasmids
encoding human CD4, with or without wild-type or mutant Vpu
constructs. CD4 was isolated by immunoprecipitation under non-
denaturing conditions and associated Vpu detected by immuno-
blotting (Fig. 2A). Because wild-type Vpu promotes CD4 degra-
dation, coprecipitation of these two proteins could be visualized
only after prolonged exposure of the films (unpublished observa-
tions). The inability of Vpu-552,56N to induce CD4 degradation,
on the other hand, allowed visualization of its coprecipitation with
CD4 upon short exposure times (11) (Fig. 2A and B). Surprisingly,
replacement of Leu for Trp22 in the Vpu TMD greatly increased
the amount of Vpu that coprecipitated with CD4 (Fig. 2A and B).
All other mutations in the Vpu TMD had little or no effect on
Vpu-CD#4 interactions (Fig. 2A and B).

The increased coprecipitation of Vpu-W22L with CD4 could
be due to an enhanced affinity between the two proteins or to a
change in the stoichiometry of the interaction. The latter interpre-
tation is warranted by nuclear magnetic resonance (NMR) studies
indicating that the Vpu TMD can occur in both monomeric and
oligomeric forms (22, 55, 68). In this context, mutations in the
TMD could alter the Vpu monomer/oligomer ratio and thus
change the amount of Vpu coprecipitated with CD4. To deter-
mine the effect of the Trp22-to-Leu mutation on Vpu-Vpu inter-
actions, HeLa cells were transfected with combinations of plas-
mids encoding wild-type Vpu and Vpu-W22L tagged at the C
termini with the myc or HA epitopes, with or without CD4. Triton
X-100 extracts of these cells were subjected to immunoprecipita-
tion with an antibody to the myc epitope, followed by SDS-PAGE
without a reducing agent and without boiling and immunoblot-
ting with an antibody to the HA peptide (Fig. 2C). Under these
conditions, CD4 was efficiently degraded when at least one of the
Vpu constructs corresponded to the wild-type version, but it
failed to be degraded when both constructs had the W22L muta-
tion (Fig. 2C). Coexpression of wild-type Vpu-HA and Vpu-myc
resulted in only a small amount of coprecipitation (Fig. 2C), sug-
gesting that Vpu monomers predominate or that Vpu oligomers
are unstable under these conditions. Interestingly, coexpression of
wild-type Vpu with Vpu-W22L-myc or Vpu-W22L-HA resulted
in intermediate levels of coprecipitation (Fig. 2C). Finally, coex-
pression of Vpu-W22L-myc with Vpu-W22L-HA resulted in
much greater coprecipitation as evidenced by the detection of co-
precipitating species that migrate as both monomers and stable
oligomers on SDS-PAGE (Fig. 2C). Similar results were obtained
in the absence or presence of CD4 (Fig. 2C), indicating that these
changes are intrinsic to Vpu. Substitution of Ala or Gly for Trp22
also increased coprecipitation of epitope-tagged Vpu pairs (see
Fig. S2A and B in the supplemental material), indicating that this
effect is due to the removal of Trp rather than the addition of
another specific residue at position 22. From these experiments we
concluded that Vpu Trp22 hinders Vpu-Vpu interactions and that
its mutation stabilizes Vpu oligomers. The above results thus in-
dicated that the Vpu Trp22 residue is not required for either Vpu-
CD4 or Vpu-Vpu interactions. Rather, mutation of this amino
acid increases coprecipitation of Vpu with CD4 due to enhanced
Vpu oligomerization.
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after transfection, cell lysates were prepared under nondenaturing conditions and subjected to immunoprecipitation using an antibody to the CD4 ectodomain.
Coprecipitation of Vpu with CD4 was detected by SDS-PAGE and immunoblotting with an antibody to Vpu. (B) The amount of Vpu coprecipitated (co-IPed)
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represent the means = SEM from three independent experiments. (C) HeLa cells were transfected with plasmids encoding no Vpu (empty vector), wild-type
Vpu-myc or Vpu-W22L-myc and no Vpu (empty vector), wild-type Vpu-HA, or Vpu-W22L-HA, with or without CD4. Cell extracts were prepared as for panel
A and subjected to immunoprecipitation with an antibody to the myc epitope. The resultant immunoprecipitates were resuspended in nonreducing sample
buffer without boiling before being analyzed by SDS-PAGE and immunoblotting with an antibody to the HA peptide. Numbers on the left indicate molecular

masses (in kDa). Notice the increased amount of Vpu-HA oligomers that coprecipitate with Vpu-myc upon mutation of Vpu Trp22.

Decreased CD4 polyubiquitination caused by replacement
of Vpu TMD residues. If mutation of Vpu Trp22 does not prevent
Vpu-CD4 interactions, how does it inhibit CD4 degradation? To
address this question, we initially examined the ability of Vpu
TMD mutants to bind the B-TrCP1 component of the SCF8-TcP1/2
E3 Ub-ligase complex (48). HeLa cells were transfected with plas-
mids encoding FLAG-tagged human B-TrCP1 and Vpu, Vpu-
§52,56N (negative control), or Vpu TMD mutants. 3-TrCP1 was
isolated by immunoprecipitation with an antibody to the FLAG
epitope and coprecipitated Vpu species detected with an antibody
to Vpu (Fig. 3A). As expected (48), wild-type Vpu coprecipitated
with B-TrCP1 whereas Vpu-552,56N did not (Fig. 3A and B). Vpu
mutants having TMD substitutions of Leu for Alal4, Ala18, Val21,
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Trp22, Val25, or all residues together (Vpu-A14—V25L mutant)
coprecipitated with B-TrCP1 to the same extent as wild-type Vpu
(Fig. 3A and B). These observations indicated that the functional
inactivation of Vpu by mutation of TMD residues, particularly
Trp22, was not due to decreased recruitment of 3-TrCP1 and, by
extension, of the SCFA-TCP1/2 E3 Ub-ligase complex.

Next, we examined the effect of Vpu TMD mutations on the
ability of Vpu to induce CD4 polyubiquitination. To this end,
HeLa cells were cotransfected with plasmids encoding FLAG-
tagged Ub, human CD4, and the Vpu TMD mutants mentioned
above. Cells were solubilized under denaturing conditions
and CD4 species subsequently immunoprecipitated with a
conformation-independent antibody to the CD4 ectodomain.

jviasm.org 761

g17 HLTV3H 40 1SNI L¥N Aq 2102 ‘2T AInc uo /6io°wse’IAlj:dny wouy papeojumod


http://jvi.asm.org
http://jvi.asm.org/

762 jviasm.org

A S B
P A v Ao
Q7NN DY R (D W
2 \y%%s“\s@s{bﬁ@'m b S a4
L LR s
IB: o-FLAG o
(B-TrCP1) Q3
IP: 0-FLAG =
(B-TrCP1) A
£ 2}
IB: 0-Vpu ;
Input ol
Q
o
golH_
S B R A B O
K\ @Q)eox:\ \Yv{\% '4‘?/ >§ﬂ/o’iﬁb 4’1?')
s@" W W& W& W
N\ &)
R
A
Rz
v
c ¢ D
40
IB: a-FLAG —
30+
(Ub) IP:a-CD4 B
ectodomain £
3 20
o
1B: 0-CD4 e
ectodomain | 49 — S 10F
u
QQ AQ 6@ B »@\’ q’} Arp \\q,
4 %
<° %"" QQ \\Q QQ < AQ\\' \u/
« s
QR
& S
‘l« S
E OAQQ 0;\)&'1«() 60\‘@ F AQQ b,»;‘d], G
NS NS NS
188_%4 WA PR\ SR )
98— I1B: 0-CD4 - [
H =
IB: 0-FLAG ectodomain IP: 0-CD4 g 2l
(Ub) ectodomain o _
a3
IB: 0-RGS-His 832t
(VCP-QQ) g
IB: o-HA g o
(Veu) Input & 1
>
I1B: 0-CD4 IB: a-Vpu - 5
ectodomain L
T T S W
+MG132 W S @
<~ \\9{" X
R
g >
v v
qf?v\/ W@@ %
H I QQ\)\) “o‘" \ QQQ S fg" 0}?5
C PP ¢ ¥ &«
PPPP PSPSPSPS
188 —
IB: a-FLAG I1B: a-FLAG
(Ub) IP: 0-CD4 (Ub) | 98— IP: 0-CD4
ectodomain ectodomain
62—
IB: 0-CD4 IB: 0-CD4
ectodomain ectodomain | 49 —
IB: o-GAPDH | IB: a-VCP | 98 —
Input 17— Input
IB: o-Vpu IB: a-Vpu | 14—

Permeabilized cells

-Na,CO, pH 11 +Na,CO, pH 11

Isolated microsomes

Journal of Virology

g17 HLTV3H 40 1SNI L¥N Aq 2102 ‘2T AInc uo /6io°wse’IAlj:dny wouy papeojumod


http://jvi.asm.org
http://jvi.asm.org/

Polyubiquitinated CD4 in the immunoprecipitates was detected
by immunoblotting using an antibody to the FLAG epitope (42)
(Fig. 3C). The amount of polyubiquitinated CD4 was normalized
to the amount of nonubiquitinated CD4 in each sample (42) (Fig.
3Cand D). Using this procedure, we observed that wild-type Vpu
increased CD4 polyubiquitination by 32-fold (Fig. 3C and D),
consistent with previous results (42). The Vpu-S52,56N mutant
elicited only background CD4 polyubiquitination (Fig. 3C and
D), as expected from the inability of this mutant to recruit the
SCEB-TrCPI2 E3 Ub-ligase complex (42, 48) (Fig. 3A and B). Single
mutation of Val2l, Trp22, or Val25 or combined mutation of
Alal4, Alal8, Val21, Trp22, and Val25 (Vpu-A14—>V25L), re-
duced the extent of Vpu-induced CD4 polyubiquitination to 5- to
20-fold, whereas single mutation of Alal4 and Ala18 had no effect
(Fig. 3C and D). We also tested for polyubiquitination of HA-
tagged Vpu under identical experimental conditions. We ob-
served that Vpu was polyubiquitinated in a SCFB-TrCP1/2.
dependent fashion, as previously described (5) (Fig. 3E), and
independently of CD4 coexpression (Fig. 3E). Importantly,
polyubiquitination of Vpu was not affected by replacement of
Trp22 by Leu (Fig. 3E). These experiments demonstrated that
mutation of Val21, Trp22, and/or Val25 decreased CD4 polyubiq-
uitination without affecting SCFP-TrCP1/2 recruitment to Vpu as
well as Vpu polyubiquitination.

Accumulation of CD4 in the ER membrane in the presence of
a Vpu TMD mutant. Vpu-mediated CD4 polyubiquitination al-
lows recruitment of the VCP-UFD1L-NPL4 dislocase complex,
promoting CD4 dislocation from the ER membrane for eventual
targeting to the cytosolic proteasome (7, 42, 87). We observed that
mutation of Vpu Trp22 to Leu reduced the amount of the
substrate-trapping VCP-QQ mutant (42, 85) that coprecipitated
with CD4 (Fig. 3F and G), in line with the reduction of CD4
polyubiquitination caused by this mutation (Fig. 3C and D). De-
creased recruitment of the VCP-UFD1L-NPL4 complex to CD4 in

Transmembrane Determinants of CD4 Downregulation

the presence of the Vpu-W22L mutant would be expected to result
in accumulation of CD4 in the ER membrane. To test this predic-
tion, we developed a permeabilized cell system in which HeLa cells
expressing FLAG-tagged Ub and human CD4, with or without
Vpu, Vpu-S52,56N, or Vpu-A14—V25L were treated with a low
concentration of digitonin and soluble, cytosolic proteins were
extruded from the cells by centrifugation. The resulting pellet and
supernatant fractions were fully denatured prior to immunopre-
cipitation with a conformation-independent antibody to CD4 and
immunoblotting with an antibody to the FLAG epitope (42) (Fig.
3H). This procedure was efficient at separating membrane and
cytosolic proteins as demonstrated by detection of transmem-
brane Vpu and cytosolic GAPDH in the corresponding fractions
(Fig. 3H). As expected, CD4 was completely associated with mem-
branes in the absence of Vpu (Fig. 3H). The small amount of
polyubiquitinated and nonubiquitinated CD4 that remained in
the presence of wild-type Vpu was also found to be membrane
associated, as was the case for nonubiquitinated CD4 that accu-
mulated in the presence of the Vpu-S52,56N mutant (Fig. 3H).
Importantly, we observed that both polyubiquitinated and nonu-
biquitinated CD4 remained membrane associated upon expres-
sion of the Vpu-A14—V25L construct having mutations in the
Trp22-centered patch of residues (Fig. 3H). Moreover, neither
CD4 species could be removed from isolated microsomal mem-
branes by treatment with 100 mM Na,CO;, pH 11.3 (23, 42),
indicating that they behaved as integral membrane proteins (Fig.
3I). Therefore, both polyubiquitinated and nonubiquitinated
CD4 that cannot be targeted to degradation by the Vpu TMD
mutant (Fig. 3C and H) accumulate as integral membrane pro-
teins rather than being released into the cytosol. These findings
suggest that Vpu TMD residues contribute to dislocation of CD4
from the ER membrane.

Gly415 within the CD4 TMD is required for both Vpu-
induced CD4 degradation and Vpu-CD4 interaction. Since the

FIG 3 The Vpu TMD promotes polyubiquitination and dislocation of CD4 from the ER membrane. (A) HeLa cells expressing FLAG-tagged human B-TrCP1,
with or without wild-type Vpu, Vpu-S52,56N, or the Vpu-A14L, -A18L, -V21L, -W22L, -V25L, or -A14,A18,V21,W22,V25L (Vpu-A14—V25L) mutant, were
lysed under nondenaturing conditions and extracts subjected to immunoprecipitation using an antibody to the FLAG peptide. Coprecipitation of Vpu with
FLAG-B-TrCP1 was detected by SDS-PAGE and immunoblotting with an antibody to Vpu. Notice that only phosphorylatable wild-type Vpu and Vpu TMD
mutants coprecipitate with FLAG-B-TrCP1. (B) The amount of coprecipitated Vpu with FLAG-B-TrCP1 was quantified by densitometry, normalized to the
amount of immunoprecipitated FLAG-B-TrCP1 in each sample, and expressed as arbitrary units (a.u.). Values represent the means * SEM from three
independent experiments. (C) HeLa cells were transfected with plasmids encoding FLAG-tagged Ub and human CD4, with or without wild-type Vpu, Vpu-
§52,56N, or the Vpu-Al4L, -A18L, -V21L, -W22L, -V25L, or -A14—V25L mutant. At 12 h after transfection, equivalent amounts of cell extracts made under
denaturing conditions were subjected to immunoprecipitation with a conformation-independent antibody to the CD4 ectodomain. Ubiquitination of CD4 was
detected by immunoblotting with an HRP-conjugated antibody to the FLAG epitope. (D) Ub, -CD4 levels in the presence of Vpu were quantified by densitometry
and expressed as the percentage of the total amount of Ub,-CD4 in the absence of Vpu (100% control). These values were normalized to the remaining
nonubiquitinated CD4 (i.e., 1 for Ub,-CD4 in the absence of Vpu). Values are the means * SEM from three independent experiments. (E) Denatured cell lysates
from HeLa cells expressing FLAG-Ub and no Vpu or HA-tagged versions of wild-type Vpu, Vpu-S52,56N, or Vpu-W22L, with or without human CD4, were
subjected to immunoprecipitation using an antibody to the HA peptide. Ubiquitination of Vpu was detected by immunoblotting with an HRP-conjugated
antibody to the FLAG epitope. (F) HeLa cells were transfected with plasmids encoding human CD4 and RGS-His-tagged VCP-QQ plus no Vpu (empty vector),
wild-type Vpu, Vpu-S52,56N, or Vpu-W22L. At 12 h after transfection, cells were treated with a 20 uM concentration of the proteasome inhibitor MG-132 in
complete medium for 8 h at 37°C, lysed, and then subjected to immunoprecipitation with an antibody to the CD4 ectodomain. Coprecipitation of RGS-His-
tagged VCP-QQ with CD4 in the presence of wild-type Vpu was detected by immunoblotting with an antibody to the RGS-His epitope. (G) The amount of
coprecipitated RGS-His-VCP-QQ with CD4 was quantified by densitometry, normalized to the amount of immunoprecipitated CD4 in each sample, and
expressed as arbitrary units (a.u.). Values represent the means = SEM from three independent experiments. (H) HeLa cells expressing FLAG-Ub and human
CD4, with or without wild-type Vpu, Vpu-552,56N, or Vpu-A14—V25L, were permeabilized with 0.028% digitonin before being fractionated into membrane
(M) and cytosol (C) by centrifugation. Samples were adjusted to 1% SDS and 10 mM DTT and then processed for in vivo ubiquitination as described for panel
C. Transmembrane Vpu and cytosolic GAPDH were used as fractionation controls. (I) Microsomes from HeLa cells described for panel H were resuspended in
membrane buffer supplemented (or not) with 100 mM Na,COj, pH 11.3. After ultracentrifugation of the samples, membrane (P) and supernatant (S) fractions
were collected and adjusted to 1% SDS and 10 mM DTT before being processed for in vivo ubiquitination as described for panel C. Transmembrane Vpu and the
peripherally associated membrane protein VCP were used as fractionation controls. Numbers on the left in panels C, H, and I indicate molecular masses (in kDa).
Notice that both nonubiquitinated and polyubiquitinated CD4 species are membrane anchored in the presence of the Vpu-A14—V25L mutant even after the
high-pH treatment.
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FIG 4 CD4 Gly415 is a key determinant for both Vpu-CD4 interaction and Vpu-induced CD4 degradation. (A) ClustalW alignment of CD4 TMD sequences,
highlighting conservation of the residues. Notice that human CD4 Gly403, Gly404, Gly407, and Gly413 are highly conserved among all mammals, whereas
Gly415 is present only in humans (CD4_HUMAN) and monkeys (CD4_PANTR; chimpanzee). (B) PyMOL images of the solid-state NMR structure of the
human CD4 TMD (81) (RSCB protein database entry 2KLU). Gly residues within the CD4 TMD are shown in red. (C) HeLa cells were transfected with plasmids
encoding human CD4 or the CD4 TMD mutant CD4-G403,404,407L, -G413,415L, -G413L, or -G415L, with or without wild-type Vpu or Vpu-S52,56N. At 12
h after transfection, cell lysates were processed as described in the legend to Fig. 1B. (D) CD4 levels were quantified as described in the legend to Fig. 1C. Values
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TMD of CD4 is also important for Vpu-induced CD4 downregu-
lation (13, 57), we next examined the requirement for specific
residues within this domain. A notable feature of the CD4 TMD is
the occurrence of several Gly residues at regular intervals within its
sequence (Fig. 4A). Of these, Gly403, Gly404, Gly407, and Gly413
are highly conserved in all mammals (Fig. 4A), whereas Gly415 is
present only in humans and monkeys (Fig. 4A), the natural hosts
for HIV and SIV, respectively. All of these Gly residues except
Gly413 are located on the same face of the CD4 TMD «-helix (81)
(Fig. 4B). This arrangement of Gly residues has been previously
shown to promote interhelical interactions that are stabilized by
van der Waals forces (18, 31, 41) and Ca—H - - - O hydrogen
bonds (65). To analyze the requirement of these Gly residues, we
mutated each of them to Leu and examined the susceptibility of
the mutant proteins to Vpu-induced degradation (Fig. 4C). We
observed that mutation of Gly415 completely abrogated the de-
crease in CD4 levels elicited by Vpu, whereas mutation of the
other Gly residues, either singly or in combinations, had little or
no effect (Fig. 4C and D). Pulse-chase analysis confirmed the sta-
bility of newly synthesized CD4-G415L in the presence of Vpu
(Fig. 4E and F). Mutation of each of the other non-Gly residues
also had no effect on the susceptibility of CD4 to Vpu-mediated
degradation (unpublished observations). From these experi-
ments, we concluded that CD4 Gly415 is a critical determinant for
Vpu-induced CD4 targeting to degradation.

To determine whether CD4 Gly415 and other TMD Gly resi-
dues are required for interaction with Vpu, we transfected HeLa
cells with plasmids encoding wild-type CD4 or CD4 TMD Gly
mutants plus Vpu-S52,56N, which binds to CD4 but does not
induce its degradation (11). Interactions were analyzed by copre-
cipitation under nondenaturing conditions as described above
(Fig. 2A). We observed that wild-type CD4 as well as CD4 TMD
constructs bearing mutations of Gly403, Gly404, Gly407, and
Gly413 equally coprecipitated with Vpu-S52,56N (Fig. 4G and H).
However, coprecipitation of Vpu-552,56N with CD4 was greatly
impaired when CD4 Gly415 was replaced by Leu (Fig. 4G and H).
The interaction between Vpu and the CD4 Gly415 mutants was
not completely abrogated, presumably due to the contribution of
the cytoplasmic domains of the proteins to their mutual binding
(11, 47). These experiments indicated that the requirement of
CD4 Gly415 for Vpu-CD4 degradation is at least in part due to its
involvement in Vpu-CD4 TMD interaction.

Vpu Trp22 and CD4 Gly415 are not involved in Vpu-
mediated inhibition of CD4 export to the Golgi complex. We
recently uncovered a new function of Vpu in preventing transport
of CD4 from the ER to the Golgi complex, which is distinct from
its ability to target CD4 to the ERAD pathway (42). Because this
new function is also dependent on the Vpu TMD (42), we tested
the effect of mutating several Vpu TMD residues on its ability to
cause CD4 retention in the ER. HeLa cells were transfected with
plasmids encoding CD4, with or without various Vpu TMD mu-
tants, and the intracellular transport of CD4 was analyzed by en-

Transmembrane Determinants of CD4 Downregulation

doglycosidase H (endo H) treatment (Fig. 5A) and cell surface
biotinylation (Fig. 5C). Newly synthesized CD4 contains two
N-linked oligosaccharides within its ectodomain, one of which
acquires endo H resistance when CD4 is transported through the
Golgi complex (72) (Fig. 5A and B). In cells expressing wild-type
Vpu, the small amount of remaining CD4 was ~75% sensitive to
endo H, consistent with its predominant localization to the ER
(42) (Fig. 5A and B). In cells expressing the Vpu-W22L mutant,
CD4 was not degraded, but it remained mostly sensitive to endo H
(Fig. 5A and B), indicating that Vpu Trp22 is required for CD4
targeting to ERAD but not for CD4 retention in the ER.

The effects of Vpu on CD4 at the ER were reflected in changes
of CD4 levels at the cell surface as observed in surface biotinylation
experiments (Fig. 5C). HeLa cells were transfected with plasmids
encoding human CD4, with or without Vpu or the Vpu-Al4L,
-A18L, -V21L, -W22L, -V25L, and -A14—V25L mutants. Cell
surface proteins were biotinylated at 4°C, followed by cell lysis and
pulldown with a NeutrAvidin-coupled resin. CD4, Vpu, and TfR
were then visualized by immunoblotting using specific antibodies
(Fig. 5C). Since TR stability and maturation are not affected by
Vpu (42), this protein was used as a loading control (Fig. 5C). For
quantification purposes, the amounts of CD4 present at the cell
surface were normalized to the amounts of CD4 in each sample
(100% for the control without Vpu) (Fig. 5D). No CD4 could be
detected at the cell surface in the presence of Vpu (Fig. 5C and D),
as expected from the ER retention and ERAD targeting of CD4
under these conditions. Despite the inhibition of ERAD targeting
caused by mutation of Vpu Trp22, however, only a small fraction
(up to ~25% of the control) of CD4 reached the cell surface in the
presence of the Vpu-W22L or Vpu-A14—V25L mutant (Fig. 5C
and D). This result is consistent with Vpu Trp22 not being in-
volved in CD4 retention in the ER.

We next investigated the contribution of CD4 Gly415 to Vpu-
mediated ER retention of CD4 by performing endo H sensitivity
(Fig. 5E) and cell surface biotinylation (Fig. 5G) assays, as de-
scribed above. In the absence of Vpu, both CD4 and CD4-G415L
efficiently exited the ER en route to the plasma membrane (Fig. 5E
to H). In contrast, in the presence of Vpu, most of the stable
CD4-G415L mutant remained in the ER (Fig. 5E and F) and did
not reach the plasma membrane (~25% of the control) (Fig. 5G
and H). The same result was obtained when not only Gly415 but
also all non-Leu residues on the same face of the CD4 TMD
a-helix were replaced by Leu (CD4-G403—F418L mutant) (Fig.
5G and H). Altogether, these results demonstrated that Vpu con-
served the ability to retain CD4 in the ER when a key CD4 TMD
residue required for its degradation, Gly415, was mutated.

Val20 and Ser23 within the Vpu TMD are critical for Vpu-
induced CD4 retention in the ER. Since the Vpu TMD contrib-
utes to CD4 retention in the ER (42) and Vpu Trp22 (and to a
lesser extent Val21 and Val25) is required for CD4 ERAD targeting
but not ER retention (this study), we hypothesized that other res-
idues in the Vpu TMD must be involved in ER retention of CD4.

are the means * SEM from three independent experiments. (E) HeLa cells expressing human CD4-G415L, with or without wild-type Vpu, were labeled with
[3>S]methionine-cysteine for 2 min and chased for the indicated times at 37°C. Radiolabeled CD4 was detected as described in the legend to Fig. 1E. (F)
Percentage of CD4 at each chase time relative to CD4 at time zero (100% control). (G) HeLa cells were transfected with plasmids encoding no CD4 (empty
vector), human CD4, or CD4 TMD mutants bearing mutations on Gly 403, 404, 407, 413, or 415 or all glycines together (CD4-G403—G415L), plus the
Vpu-$52,56N mutant. Cell lysates were processed as described in the legend to Fig. 2A. (H) The amount of coprecipitated Vpu-S52,56N with CD4 was quantified
as described in the legend to Fig. 2B. Values are the means == SEM from three independent experiments. Notice that Vpu-S52,56N is poorly coprecipitated with
CD4 in the absence of CD4 Gly415 compared to wild-type CD4 or the other CD4 TMD mutants.
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FIG5 Vpu Trp22 and CD4 Gly415 are not required for Vpu-mediated ER retention of CD4. (A) HeLa cells were transfected with plasmids encoding human CD4
and no Vpu (empty vector), wild-type Vpu, or Vpu-W22L. Total cell lysates were prepared and then digested with endo H or PNGase F or left untreated before
immunoblotting with an antibody to the CD4 ectodomain. CHO, N-linked carbohydrate chain. (B) Endo H-resistant and -sensitive CD4 were quantified by
densitometry and expressed as percentage of the total amount of CD4 in each sample (100%). Values are the means * SEM from three independent experiments
such as that for panel A. (C) The surface of HeLa cells expressing human CD4, with or without wild-type Vpu or the Vpu-A14L, -A18L, -V21L, -W22L, -V25L,
or -A14—V25L mutant was biotinylated by incubation with ice-cold PBS supplemented with sulfo-NHS-LC biotin before lysis under nondenaturing conditions.
Biotinylated proteins were pulled-down using a NeutrAvidin-coupled resin, and surface CD4 was detected by SDS-PAGE and immunoblotting with an antibody
to the CD4 ectodomain. Cell surface TfR was used as both a biotinylation and loading control. (D) Bar graphs showing percentages of surface CD4 levels
(normalized to total CD4) in cells expressing Vpu relative to normalized surface CD4 levels in the absence of Vpu (100% control). Values are the means = SEM

766 jviasm.org Journal of Virology

@17 HLTV3H 40 LSNI LVN Ad 270z ‘2T AInC uo /Bio"wse |Alj/:dny wouy papeojumoq


http://jvi.asm.org
http://jvi.asm.org/

We focused our analysis on Vpu Val20 and Ser23, two residues
that are contiguous on a face opposite to that displaying Val21,
Trp22, and Val25 (Fig. 6A). Vpu Val20 is conserved in most
HIV-1 group M variants (Fig. 1A), whereas Ser23 is highly con-
served only in HIV-1 group M subtype B Vpu sequences (Fig. 1A).
Mutational analysis showed that replacement of Val20 or Ser23 by
Leu had little or no effect on the ability of Vpu to cause CD4
degradation (Fig. 6B and C). Substitution of Leu for Val21, Trp22,
and Val25 (Vpu-V21—V25L mutant) in addition to Val20 and
Ser23 [Vpu-V21—V25L (+V20,S23L) mutant] had the expected
effect of preventing CD4 degradation (Fig. 6B and C). We next
examined the effect of replacing Val20 and Ser23 on the ability of
Vpu to induce CD4 retention in the ER, as determined by endo H
digestion analysis (Fig. 6D). Interestingly, CD4 became mostly
endo H resistant (~80%) in the presence of Vpu-V21—V25L
(+V20,S23L) (Fig. 6D and E). This was in contrast to the endo H
sensitivity of CD4 in the presence of the Vpu-V21—V25L mutant
(Fig. 6D and E). Individual mutation of Val20 or Ser23 to Leu
[Vpu-V21—V25L (+V20L) and Vpu-V21—V25L (+S23L) mu-
tants, respectively] had intermediate effects (~50 to 60% of CD4
remained resistant to endo H) (Fig. 6D and E). Interestingly, most
CD4 remained endo H sensitive when Vpu Ser23 was replaced by
Ile [Vpu-V21—V25L (+S231) mutant] instead of Leu (Fig. 6D
and E). The latter finding is consistent with a significant percent-
age of HIV-1 group M Vpu sequences carrying Ile at position 23.
These differential effects of the Vpu TMD mutants on the ER
retention of CD4 were reflected in the expression of CD4 at the
plasma membrane, as measured by the surface biotinylation assay
(Fig. 6F and G). We observed undetectable levels of surface CD4 in
cells expressing wild-type Vpu, low levels in cells expressing Vpu-
V21—V25L or Vpu-V21—V25L (+S231) (~25% of control), in-
termediate levels in cells expressing Vpu-V21—V25L (+V20L) or
Vpu-V21—V25L (+823L) (~50 to 60% of control), and high
levels in cells expressing Vpu-V21—V25L (+V20,523L) (~90%
of control) (Fig. 6F and G), even though none of these Vpu TMD
mutants induced CD4 degradation (Fig. 6F). Remarkably, re-
placement of Leu for Vpu Val20 and Ser23 together or in isolation
also enhanced Vpu trafficking from the ER to the cell surface in a
CD4-independent fashion (Fig. 6F). From these experiments we
concluded that Vpu Val20 and Ser23 are both components of a
TMD determinant for retention of not only CD4 but also Vpu in
the ER, which is distinct from the ERAD-targeting TMD determi-
nant conformed by Val21, Trp22, and Val25.

DISCUSSION

It is now well established that TMDs do not merely act as mem-
brane anchors or connectors between the luminal/extracellular
domains (i.e., ectodomains) and cytosolic domains (i.e., endodo-
mains) of integral membrane proteins. Rather, they play active
roles in processes such as transport of molecules across mem-
branes (58), intramembrane proteolysis (82), assembly of multi-

Transmembrane Determinants of CD4 Downregulation

protein complexes (46), protein localization to intracellular or-
ganelles (67), and targeting to the ERAD pathway (8, 10, 76). For
this reason, many TMDs are not just random sequences of hydro-
phobic amino acid residues but possess specific characteristics,
including conserved residues at defined positions within the
transmembrane «-helices. The results presented in this study
show that Vpu exploits these properties of TMDs in order to
downregulate CD4. Indeed, we demonstrate that the TMDs of
both Vpu and CD4 contain specific residues that are required for
Vpu-induced CD4 targeting to ERAD and retention in the ER, as
well as for assembly of Vpu-CD4 and Vpu-Vpu complexes.

A cluster of residues centered on Trp22 in the Vpu TMD is
required for CD4 targeting to the ERAD pathway. Although ini-
tially overlooked, the role of TMDs in Vpu-induced CD4 degra-
dation has now been demonstrated by several studies (13, 42, 57,
73). The specific features of the Vpu and CD4 TMDs that are
required for this process, however, have remained poorly under-
stood. Here we show that a cluster of residues centered on Trp22
(i.e., Val21, Trp22, and Val25) on the Vpu TMD is required for
CD4 targeting to ERAD. Vpu Trp22 is the most critical residue on
this cluster, since it cannot be replaced by any residue other than
Cys without complete loss of activity (Fig. 1G and H). The fact that
Cys can substitute for Trp at position 22 is puzzling, since these
two amino acids have very different chemical properties. Trp22 is
at a position near the membrane-cytosol interface, the most fre-
quent location for Trp within TMDs (80, 84). The affinity of TMD
Trp residues for membrane-cytosol interfaces stems from the dual
bulky-hydrophobic/hydrogen-bonding nature of the indole ring
(43,52, 66). Vpu Trp22 could participate in CD4 targeting to the
ERAD pathway by mediating protein-protein interactions or by
fixing the position of the Vpu TMD relative to the lipid bilayer.
These properties could be conferred on CD4 through assembly
with Vpu.

An earlier study showed that scrambling of some residues in
the Vpu TMD did not affect the ability of Vpu to downregulate
CD4 (VpuRD mutant) (64), an observation that seems at odds
with the conclusion from this and previous studies (42, 73). How-
ever, the scrambled VpuRD mutant has Val22, Trp24, and Val27
residues at positions that are roughly equivalent to those of Val21,
Trp22, and Val25 in the wild-type Vpu TMD. The location of
Trp24 near the membrane-cytosol interface in VpuRD could ex-
plain why this mutant, like wild-type Vpu, remains active for CD4
downregulation.

Effects of the Vpu Trp22 mutation on CD4 polyubiquitina-
tion and recruitment of the VCP-UFD1L-NPL4 dislocase com-
plex. How might Trp22 participate in the mechanism by which
Vpuinduces targeting of CD4 to ERAD? We initially hypothesized
that Vpu Trp22 could be required for Vpu-CD4 interaction at the
level of the TMDs. However, we found that this was not the case, as
mutation of Trp22 to Leu did not abrogate, but instead enhanced,
coprecipitation of Vpu with CD4 (Fig. 2A and B). This enhance-

from three independent experiments. Notice that CD4 is not expressed at the cell surface even in the absence of those Vpu TMD residues that are required for
ERAD targeting of CD4. (E) HeLa cells were transfected with plasmids encoding human CD4 or CD4-G415L, with or without wild-type Vpu. Detergent extracts
were prepared and processed as for panel A. (F) Endo H-resistant and -sensitive CD4 were quantified as for panel B. Values are the means + SEM from three
independent experiments such as that for panel E. (G) The surface of HeLa cells expressing no CD4 (empty vector), human CD4, or the CD4-G403L, -G404L,
-G407L, -F411L, -G415L, -F418L, or -G403,G404,G407,F411,G415,F418L (CD4-G403—F418L) mutant, with or without wild-type Vpu, was biotinylated as
described for panel C before lysis under nondenaturing conditions. Surface biotinylated CD4 was detected as for panel C. (H) Quantification of surface CD4 levels
was performed as for panel D. Values are the means == SEM from three independent experiments. Notice that CD4 Gly415 is not required for Vpu-mediated ER
retention of CD4, even though this residue is a critical determinant for CD4 ERAD targeting by Vpu (Fig. 4).
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FIG 6 ER retention of CD4 by Vpu requires Val20 and Ser23 within the Vpu TMD. (A) PyMOL images of the solid-state NMR structure of the NL4-3 Vpu TMD.
Notice that Val20 and Ser23 are positioned opposite to the patch made up of Val21, Trp22, and Val25 on the TMD a-helix. (B) HeLa cells were transfected with
plasmids encoding human CD4, with or without wild-type Vpu, Vpu-S52,56N, or the Vpu-V20L, -V21L, -W22L, -S23L, -V25L, or -V20,V21,W22,523,V25L
[Vpu-V21—V25L (+V20,523L)] mutant. At 12 h after transfection, cell lysates were prepared and analyzed as described in the legend to Fig. 1B. (C) CD4 levels
in the presence of Vpu were quantified as described in the legend to Fig. 1C. Values are the means = SEM from three independent experiments. (D) Lysates from
HeLa cells expressing human CD4 and no Vpu, wild-type Vpu, Vpu-V21,W22,V25L (Vpu-V21—V25L mutant), Vpu-V21—V25L (+V20,523L), Vpu-
V20,V21,W22,V25L [Vpu-V21—V25L (+V20L) mutant], Vpu-V21,W22,523,V25L [Vpu-V21—V25L (+S23L) mutant], or Vpu-V21L,W22L,S23,V25L
[Vpu-V21—V25L (+S523I) mutant] were prepared and processed as described in the legend to Fig. 5A. (E) Endo H-resistant and -sensitive CD4 were quantified
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ment was not likely due to increased affinity of the Vpu-CD4
TMD interaction but rather to increased oligomerization of Vpu
and coprecipitation of Vpu oligomers with CD4 (Fig. 2). Indeed,
Vpu had previously been shown to occur in equilibrium between
monomeric and oligomeric forms (29, 40, 44, 56). We found that
mutation of Vpu Trp22 to Leu, Ala, or Gly shifts the equilibrium
toward oligomeric forms (Fig. 2C; see Fig. S2A and B in the sup-
plemental material), implying that the Vpu TMD Trp residue hin-
ders Vpu-Vpu interactions. In agreement with these findings, the
Vpu TMD containing a Trp-to-Leu substitution remains open as
an ion channel for much longer than the wild type, behaving more
like a pore (50). A corollary of these findings is that monomeric,
and not oligomeric, Vpu is the active form for CD4 targeting to the
ERAD pathway. Therefore, at a minimum, Vpu Trp22 functions
to maintain Vpu in its active, monomeric form.

To determine whether Vpu Trp22 has additional functions, we
examined the possible involvement of this residue in ERAD-
targeting steps downstream of the Vpu-CD4 interaction. We ob-
served that mutation of Vpu Trp22 did not affect the recruitment
of the cytosolic SCFF-T*CP1/2 E3 Ub-ligase complex to the Vpu
cytosolic domain (Fig. 3A and B). However, we found that Vpu-
induced polyubiquitination of CD4 was reduced from 32-fold to
5- to 20-fold by single or combined mutation of several Vpu TMD
residues, including Trp22 (Fig. 3C and D). A possible explanation
of these findings is that Vpu TMD mutations, though not decreas-
ing CD4-Vpu interactions, alter the orientation of the CD4 cyto-
solic tail relative to the SCFF-TrCPL2 complex such that CD4
polyubiquitination is impaired. Vpu TMD mutations could also
prevent the function of another transmembrane protein that con-
tributes to CD4 polyubiquitination such as, for example, an E2
Ub-conjugating enzyme (86). Finally, decreased CD4 polyubiq-
uitination could be due to partial deubiquitination of the accumu-
lated CD4 that cannot be targeted to degradation by the Vpu TMD
mutants (74).

Binding of VCP (and, by extension, of the VCP-UFD1L-NPL4
complex) to CD4 was also impaired by mutation of Vpu Trp22
(Fig. 3F and G), likely as a consequence of reduced CD4 polyubiq-
uitination. Since the VCP-UFDI1L-NPL4 complex functions to
extract CD4 from the ER membrane in the presence of Vpu (7,
42), we expected that CD4 would remain associated with mem-
branes upon expression of Vpu TMD mutants. Indeed, subcellu-
lar fractionation experiments showed that both nonubiquitinated
and polyubiquitinated CD4 species accumulated as integral mem-
brane proteins in the presence of Vpu having mutations of several
TMD residues, including Trp22 (Vpu-A14—V25L mutant) (Fig.
3H and I). This result should be interpreted with caution, how-
ever, as CD4 that was protected from Vpu-induced degradation
by incubation with the proteasomal inhibitor MG-132 also re-
mained integrally associated with membranes (unpublished ob-
servations). The latter observation indicates that proteasomal ac-
tivity is a prerequisite for membrane dislocation of CD4 by Vpu, as
previously shown for some ERAD substrates (35, 49, 83) but not

Transmembrane Determinants of CD4 Downregulation

others (27, 28). Nevertheless, our observations are most consistent
with a role for the Vpu TMD, and in particular Trp22, in allowing
extraction of CD4 from the ER membrane.

Gly415 in the CD4 TMD is critical for assembly with Vpuand
for Vpu-induced CD4 degradation. The TMD of CD4 is also
required for Vpu-mediated CD4 degradation (13, 57). In this
study, we found that mutation of a single CD4 TMD residue,
Gly415, completely abrogated CD4 degradation induced by Vpu
(Fig. 4C and D). Unlike mutation of Vpu Trp22, however, muta-
tion of CD4 Gly415 impaired the Vpu-CD4 interaction (Fig. 4G
and H), thus establishing a clear basis for the inhibition of Vpu-
induced CD4 degradation caused by this mutation. This finding
represents the first demonstration that mutation of a TMD resi-
due decreases Vpu-CD4 interactions. Thus, both the TMD (this
study) and the cytosolic domains (11, 47) contribute to the phys-
ical interaction of Vpu with CD4. Based on the solid-state NMR
structure of the human CD4 TMD «-helix (81) (Fig. 4B), Gly415
is predicted to be part of a “Gly strip,” a structural motif that
mediates TMD interactions (18, 31) (Fig. 4A and B). With the
exception of CD4 Gly415, single substitution of each Gly residue
on the strip (Fig. 4) or of other, non-Gly residues in the CD4 TMD
(unpublished observations), however, had no effect on assembly
with Vpu (Fig. 4G and H) or Vpu-induced CD4 degradation (Fig.
4C and D). These results do not rule out that other CD4 TMD
residues are involved, as inhibition of those functions could re-
quire combined mutation of two or more residues.

An ER retention determinant comprising Val20 and Ser23 in
the Vpu TMD. In addition to promoting targeting of CD4 to the
ERAD pathway, the Vpu TMD contributes to retention of CD4 in
the ER (42). Mutation of Vpu TMD Trp22 prevents Vpu-induced
CD4 degradation but not CD4 ER retention (Fig. 5), an observa-
tion that is in agreement with the ability of this mutant to decrease
expression of CD4 at the cell surface as reported by one group (69)
but not another (77). Additional mutagenesis revealed two other
Vpu TMD residues, Val20 and Ser23, which are critical for CD4
ER retention (Fig. 6). Val20 and Ser23 are located on a face of the
TMD a-helix opposite to that of the cluster comprising Val21,
Trp22, and Val25 (Fig. 6A). Moreover, mutation of Val20 and
Ser23 alone did not inhibit Vpu-induced CD4 degradation (Fig.
6B and C). These observations indicate that the determinants for
ERAD targeting and ER retention of CD4 in the Vpu TMD are
spatially and mechanistically separable. How does Vpu retain CD4
in the ER? Vpu itself lacks a known ER retention motif, but re-
placement of Val20 and Ser23 on its TMD increased Vpu trans-
port out of the ER en route to the plasma membrane indepen-
dently of CD4 (Fig. 6F). This indicates that Vpu might be at least
partially retained in the ER by establishment of Val20- and Ser23-
mediated TMD interactions with a putative ER resident protein.
In this regard, calnexin has been shown to modulate ER localiza-
tion and stability of a number of ERAD substrates by recognition
of specific features within their TMDs (37, 51, 70). It is also pos-
sible that Val20 and Ser23 confer ER retention through interac-

as described in the legend to Fig. 5B. Values are the means = SEM from three independent experiments such as that for panel D. (F) Surface biotinylated CD4
from HeLa cells transfected as for panel D was detected as described in the legend to Fig. 5C. The same experiment was also done with cells expressing no Vpu,
wild-type Vpu, Vpu-V21—V25L, or Vpu-V21—V25L (+V20,523L), without CD4 for comparison. Surface biotinylated Vpu was also detected by immunoblot-
ting using an antibody to Vpu. (G) Quantification of surface CD4 levels was performed as described in the legend to Fig. 5D. Values are the means = SEM from
three independent experiments. Notice that the Vpu-V21—V25L and Vpu-V21—V25L (+V20,S23L) mutants exhibit different abilities to retain CD4 in the ER

even though neither mutant is able to induce CD4 degradation.
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FIG 7 A working model for the role of TMDs in the mechanism of CD4 downregulation by Vpu. See Discussion for details.

tions with the ER lipid bilayer. In any case, CD4 appears to be
retained in the ER in trans, through assembly with Vpu. It is worth
noting that Vpu has been localized not just to the ER (42) but also
to the trans-Golgi network and endosomal compartments (21, 75,
77). In fact, the post-ER population of Vpu is likely the form that
functions in BST-2 antagonism (2, 69).

A working model for the role of TMDs in Vpu-induced CD4
downregulation. Our findings suggest the working model shown
in Fig. 7. A Vpu TMD determinant comprising Val20 and Ser23
retains a substantial fraction of the protein in the ER through
interaction with an ER resident protein or the ER lipid bilayer.
This population of Vpu exists in equilibrium between monomeric
and oligomeric forms, which are active and inactive, respectively,
for CD4 targeting to the ERAD pathway. Vpu Trp22 helps main-
tains Vpu in its monomeric, active form. CD4 binds to Vpu via the
cytoplasmic domains as well as the TMDs of both proteins. TMD
binding involves an interaction between the CD4 TMD Gly415
residue and an unidentified site within the Vpu TMD. Despite the
ability of the Vpu TMDs to oligomerize, we do not think that Vpu
itself functions as a retrotranslocon because (i) monomeric Vpu
seems to be the active form, (ii) the Vpu TMD does not have
enough hydrophilic or charged residues that could line a protein
translocation channel, and (iii) the dimensions of the Vpu TMD
oligomers and the putative channel are too small to support pro-
tein translocation. Rather, Vpu is likely to deliver CD4 to a host
cell retrotranslocon, in a process that might be dependent on Vpu
Trp22. This residue also promotes CD4 polyubiquitination, pos-
sibly by controlling the spatial positioning of the SCFF-TrCP1/2 E3
Ub-ligase complex relative to the CD4 cytosolic tail. Finally, this
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residue could be required to promote CD4 dislocation itself by
forcing the CD4 TMD into a position from which it could be more
easily extracted from the membrane. Concomitant with these
TMD-mediated processes, the cytosolic domain of Vpu enables
SCEB-TrCP1I/2_dependent polyubiquitination of the CD4 cytosolic
tail, followed by VCP-UFDI1L-NPL4-mediated dislocation and
delivery to the proteasome.
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